The left ears of patients in Group 1 had higher median hearing thresholds than those in the control subjects at all 4 EHFs, and lower mean DPOAE levels than those in the controls for almost all primary frequencies, but significantly lower only in the 2-kHz region. Median hearing thresholds in the right ears of patients in Group 2 were higher than those in the right ears of the control subjects in the EHF range at 12.5, 14, and 16 kHz. The mean DPOAE levels in the right ears were lower in patients from Group 2 than those in the controls for the majority of primary frequencies, but only reached statistical significance in the 8-kHz region.
Conclusions:
Hearing thresholds in tinnitus ears with normal hearing sensitivity in the conventional range were higher in the EHF region than those in non-tinnitus control subjects, implying that cochlear damage in the basal region may result in the perception of tinnitus. In general, DPOAE levels in tinnitus ears were lower than those in ears of non-tinnitus subjects, suggesting that subclinical cochlear impairment in limited areas, which can be revealed by DPOAEs but not by conventional audiometry, may exist in tinnitus ears. For patients with tinnitus, DPOAE measures combined with behavioral EHF hearing thresholds may provide additional clinical information about the status of the peripheral hearing. 
Background
Subjective tinnitus results from an abnormal neural activity elicited at any level of the auditory pathways, and it is interpreted in the auditory cortex as a perception of sound without any physical stimulus arising in the ear canal [1] . The majority of cases of tinnitus are associated with hearing loss [2] . It has been postulated that unilateral tinnitus correlates with neural activity of the gamma band in the auditory cortex, opposite to the site of tinnitus perception [3] [4] [5] [6] [7] [8] . The percentage of tinnitus patients without hearing impairment varies from 8% for individuals with pure-tone thresholds ≤20 dB HL for all standard audiometric frequencies up to 8 kHz, to about 30% for patients with average threshold at 1, 2, 4, and 6 kHz ≤25 dB HL [9] . Even though it is generally agreed that tinnitus is induced or triggered by abnormal events in the cochlea, there is little support in the literature for the perception of tinnitus being solely related to cochlear mechanisms. The Discordant Damage theory of Jastreboff provides one of several possible explanations of the existence of tinnitus in patients with normal hearing [1] . According to this theory, the presence of a limited area of damaged outer hair cells (OHCs), which may not be detected in a conventional audiogram, with intact inner hair cells, can result in unbalanced neural activity between Type I and Type II fibers. Consequently, this unbalanced activity, after being further enhanced at different stages of the auditory pathway, is perceived as tinnitus.
Since cochlear function may play an important role in the generation of tinnitus perception, the assessment of the inner ear is important for the evaluation of tinnitus patients. Cochlear function may be tested objectively and non-invasively using otoacoustic emissions (OAEs). Numerous studies on OAEs in tinnitus patients used distortion product OAEs (DPOAEs) because those can be measured over a wide range of primary frequencies (f 1 and f 2 ) and their levels (L 1 and L 2 ). The majority of DPOAE data in tinnitus patients with normal hearing indicated that, despite the similarities in the audiograms, mean DPOAE levels were in general lower in tinnitus patients than in the controls [10] [11] [12] [13] [14] [15] . The generation mechanisms of DPOAEs are attributed to 2 cochlear processes: 1) a nonlinear interaction of the primary tones, mainly at the cochlear site in and around the region basal to the f 2 location, and 2) a reflection of the traveling wave from the location corresponding to the distortion product frequency of 2f 1 −f 2 [16, 17] . It has been postulated that the state of the basal cochlear region influences OAEs measured more apically [18] [19] [20] [21] [22] . For example, Dreisbach et al. [23] confirmed an earlier report by Arnold et al. [22] by showing that in subjects with normal hearing in the conventional frequency range (0.25-8 kHz), a decrease of hearing sensitivity in the extended high-frequency (EHF) region resulted in diminished DPOAEs measured at lower frequencies.
The EHF audiometric data for tinnitus patients are limited [24] . A recent study by Sanches et al. [25] included adults with hearing thresholds ≤25 dB HL at frequencies from 0.25 to 8 kHz, and the EHF testing covered the frequency range up to 20 kHz. A control group comprised subjects ranging in age from 22 to 40 years. The tinnitus group included patients up to 56 years of age with either bilateral or unilateral tinnitus; results for both ears of each of those subjects were included in the tinnitus group data. The DPOAE growth functions were measured at the f 2 frequencies of 2 and 4 kHz. The EHF results revealed higher hearing thresholds in the tinnitus groups than in the control group at all frequencies tested. The slope of the DPOAE growth function for f 2 =4 kHz was more shallow for the tinnitus group than for the controls.
The mechanism of tinnitus generation in patients with normal audiograms in the conventional region (up to 8 kHz) remains unclear. One can hypothesize that possible causes of tinnitus in those patients may be linked to the cochlear impairment in the most basal region, which is routinely not tested by the EHF audiometry, and/or to subclinical OHC damage corresponding to the conventional frequency region. The aim of the current study was to evaluate DPOAEs and EHF thresholds in a control group and in patients with normal hearing sensitivity in the conventional frequency range and reporting unilateral tinnitus of greater than 6-months duration. Inclusion criteria regarding the age and hearing sensitivity of the subjects and the laterality of tinnitus were rigorously defined to limit potential confounding factors.
Material and Methods

Subjects
Our study enrolled 70 patients, whose main complaint was tinnitus, attending audiology clinics of the Institute of Physiology and Pathology of Hearing in Warsaw, ranging in age from 14 to 40 years. Data were collected for subjects who had normal otoscopic inspection, normal results of immittance audiometry, hearing thresholds ≤20 dB HL from 0.25 to 8 kHz and ≤65 dB HL in the EHF region (up to 16 kHz), no hyperacusis, and reported constant unilateral tinnitus of greater than 6-months duration. The Minimum Masking Level (MML) for white noise stimuli was established for each patient to confirm the lateralization of tinnitus [9] . We excluded patients who began to hear tinnitus in the opposite ear when it was masked on one side, because those patients were believed to have bilateral, but asymmetrical (louder on one side), rather than unilateral, tinnitus. There were 47 patients with tinnitus in the left ear (Group 1) and 23 patients with tinnitus in the right ear (Group 2). The estimation of tinnitus pitch was performed for all 70 tinnitus patients (Groups 1 and 2) using a two-alternative forcedchoice procedure [27] . The vast majority of the patients (63 out of 70) matched their tinnitus to a tone or a narrow-band noise with frequency above 3 kHz. Among those 63 individuals, the tinnitus pitch was matched above 8 kHz in 48 patients, and the most common frequency matched was around 12.5 kHz. This finding prompted the inclusion of EHF audiometry in the study protocol.
Sixty healthy and otologically normal subjects, ranging in age from 14 to 40 years, were included in the control group. They were recruited mainly from the personnel of the Institute in Warsaw and their families. Five medical students also participated. The control subjects had no history of hearing problems, excessive noise exposure, or of recurrent otitis media in childhood. Those individuals reported that they had never experienced tinnitus lasting longer than 5 min, and thus had no history of pathological tinnitus according to generally accepted tinnitus classification [26] . The audiometric inclusion criteria for control subjects were the same as those for the tinnitus patients. Each participant signed a consent form prior to the enrollment in the study. Descriptive statistics of the subjects' groups is presented in Table 1 .
Measurements
Hearing threshold measurements were performed in a soundtreated booth using the Madsen Orbiter 922 audiometer equipped with circumaural earphones (Sennheiser HDA 200) and calibrated according to the manufacturer's guidelines and the ISO standard for the EHF range [28, 29] . Pure-tone thresholds were measured at all standard frequencies from 0.25 to 8 kHz, and at 10, 12.5, 14, and 16 kHz. Immittance testing was done using the Madsen Zodiac 901 middle ear analyzer. The Madsen Celesta 503 system was used to record DPOAEs while subjects sat comfortably in a sound-treated booth. The levels of the primary tones L 1 and L 2 were set at 65 and 55 dB SPL, respectively. The f 2 /f 1 ratio was kept at approximately 1.2. The DPOAEs were measured at 9 2f 1 −f 2 frequencies, with the f 2 frequency decreasing from approximately 9 to 0.5 kHz with the steps of 2 points per octave. The spectral analysis of the microphone signal was based on 128 averages for primary frequencies below 1 kHz and on 64 averages for higher frequencies. The system provided an estimate of the background noise based on the average of spectral components in the vicinity of the 2f 1 −f 2 . A valid DPOAE data point measurement required at least 3 dB signal-tonoise ratio (SNR) and a DPOAE level above −15 dB SPL.
Statistics
Normality test (Kolmogorov-Smirnov) performed for audiometric data within each group of subjects failed for almost all test frequencies, indicating that the results varied significantly from the pattern of normal distribution. Therefore, those results were analyzed using the non-parametric MannWhitney test. The median audiometric thresholds of each group at 10, 12.5, 14, and 16 kHz were compared. A comparison of mean DPOAEs between groups was done using the t test. All statistical analyses were performed using SigmaPlot (version 12.0), Systat Software, Inc., with the significance level set at p≤0.05. A Bonferroni adjustment of critical p-values was applied both for EHF audiometric data and DPOAE levels due to performing multiple comparisons.
results
Group 1 (Left ear tinnitus) versus the control group
A comparison of audiometric data for Group 1 and the controls revealed that the median thresholds in the left ears of tinnitus patients were higher than those in the control subjects at all 4 EHFs (p<0.001). No statistical differences were found in the conventional frequency range (from 0.25 to 8 kHz), and the median values of the 2 groups were exactly the same for frequencies between 0.5 and 4 kHz (Figure 1 ).
The analyses of individual DPOAE results led to excluding several data points with SNRs below the required criterion of at least 3 dB. This was especially the case for the lowest primary frequencies (around 500 Hz) due to an increase of the background noise in that region. Specifically, in 26 out of 47 ears of Group 1 and in 24 out of 60 ears of the control group, DPOAE levels exhibited SNR <3 dB in the 500-Hz region. For other primaries, the number of DPOAE data points excluded from further analyses was smaller than 5 or 2 per group for Group 1 and the controls, respectively. The mean DPOAE levels in the left ears were lower in patients from Group 1 than those in the controls for all primary frequencies, except for the lowest pair ( Figure 2) . The difference between the group mean values varied from 1.3 to 5.1 dB, but reached statistical significance only for 1 primaries in the 2-kHz region (p=0.016).
Group 2 (Right ear tinnitus) versus the control group
Median hearing thresholds in the right ears of patients in Group 2 were higher than those in the right ears of the control subjects in the EHF range, and showed significant differences at 12.5 kHz (p=0.008) and at 14 and 16 kHz with p<0.001 (Figure 3 ). In the conventional frequency range, the median values of the 2 groups were exactly the same. 
Number of subjects
CR
An additional analysis compared the hearing thresholds in ears with tinnitus (the left ears of Group 1 and the right ears of Group 2) and showed no differences between the median hearing sensitivity data in those cases (Figures 1, 3 ).
Only 8 out of 23 right ears of Group 2 exhibited DPOAEs with SNR ≥3 dB in the 500-Hz region. Those data failed the normality test and therefore were excluded from further analysis. For other primaries, at least 22 ears fulfilled the DPOAE inclusion criteria. The mean DPOAE levels in the right ears were lower in patients from Group 2 than those in the controls for the primary frequencies above 2 kHz and around 1.1 kHz (Figure 4 ). At those frequencies, the difference between the group mean values varied from 1.8 to 7.0 dB, but reached statistical significance just for 1 primaries in the 8-kHz region (p=0.048). The analysis comparing the DPOAE levels in ears with tinnitus (the left ears of Group 1 and the right ears of Group 2) showed no differences between the mean values in those cases (Figures 2, 4) .
discussion
Numerous hypotheses regarding mechanisms of tinnitus generation have been suggested [2] . Due to the heterogeneity observed across the population of tinnitus patients, it is agreed that no single model or hypothesis may explain the presence of tinnitus in all patients. Moreover, multiple mechanisms may be present in a single individual with tinnitus. Generally, sensorineural hearing loss is ascribed a major role as an initiating event that triggers neurophysiological processes, which are perceived as tinnitus. On the other hand, it is also known that some tinnitus patients do not show any hearing loss in the audiogram, which is routinely measured using pure-tones with frequencies up to 8 kHz. Such patients were included in the current study. Moreover, 2 groups of patients were formed based on the laterality of their tinnitus to exclude those potential participants who may have bilateral, but asymmetrical tinnitus. The aim of the study was to explore several potential hypotheses of tinnitus origin in normally hearing patients. The first concept is related to limitations of the audiogram, which alone does not always indicate peripheral damage. This hypothesis is supported by animal models. For example, studies in chinchillas showed that damage to ≈20% of OHCs was not detected in the behavioral threshold measures [30] . Also, a study of Kujawa and Liberman [31] in noise-exposed mice supported the possibility of the presence of a sub-clinical hearing loss with normal hearing thresholds. However, peripheral neurodegeneration can lead to changes in brainstem circuitry and cortical reorganization. These changes may contribute to post-exposure perceptual anomalies, including tinnitus. A recent study by Schaette and McAlpine [32] found that patients with tinnitus and normal audiograms up to 8 kHz might present a sub-clinical hearing loss, manifested by significantly reduced amplitude of the Auditory Brainstem Response Wave I. A proposed computational model implied that tinnitus in these patients can arise from a homeostatic response of neurons in the central auditory system to a reduced auditory nerve input in the absence of elevated hearing thresholds.
The main finding of the current study was that median hearing thresholds in tinnitus ears (left ears in Group 1 and right ears in Group 2) were higher than those in nontinnitus control subjects at 12.5, 14 and 16 kHz, and also at 10 kHz in Group 1 (Figures 1, 3) . Those data support a hypothesis that cochlear damage in the basal region may provoke a series of changes along the auditory pathway, resulting in the perception of tinnitus. Similar findings were recently reported by Sanches et al. [26] . The vast majority of tinnitus patients report high-frequency locus of their tinnitus. Such a notion is likely related to a high-frequency hearing loss and is supported by the results of the current study. Almost 70% of the patients matched the pitch of their tinnitus above 8 kHz, and many of them to the 12-kHz region (the region exhibiting elevated hearing thresholds in tinnitus patients) when compared to the control subjects (Figures 1, 3) .
The comparison between left and right ears regarding the prevalence of tinnitus has been reported in many studies [27, 33] . In general, the percentage of left-sided tinnitus is greater than right-sided, similarly to the data of the current study. The differences in the anatomical structures and physiology of the right and left central nervous system could suggest a cause [34] . For example, the left ear seems to be more susceptible to a wide-range of cochlear insults such as noise [35] and ototoxic drugs [36] .
The second finding of the study was that, in general, the mean DPOAE levels in tinnitus ears (the left ears in Group 1 and the right ears in Group 2) were lower than those in the controls (Figures 2, 4) . However, differences between the mean values of each tinnitus group when compared to the controls reached statistical significance just for 1 pair of primaries per subjects' group. Cochlear regions are independent of each other and cannot be treated as sources of OAE generation. Therefore, a conservative statistical analysis of DPOAE data was used by applying the Bonferroni correction, which decreased the p-value for the group of 9 comparisons (9 DPOAE data points were collected for each subject) by a factor of 9. Consequently, several notable between-group differences were marked as non-significant.
There are several possible explanations for a general trend of decreased DPOAEs in tinnitus ears than in the controls. The results of several previous studies suggest that the basal region of the cochlea may to some extent contribute to DPOAEs measured at lower frequencies [22, 23] . The EHF audiometric data in the tinnitus ears (Figures 1, 3 ) may indicate the OHC impairment in the most basal region, and thus resulting in reduced contribution to more apically generated DPOAEs. In addition, it has been hypothesized that OAEs are more sensitive to OHC dysfunction than traditional behavioral measures. The sensitivity of DPOAEs may depend to a large extent on the magnitude and pattern of OHC loss. Thus, for OAEs to be more sensitive than audiometry in measurement of OHC function, there may need to be small regions of normal OHCs that can mediate the behavioral task scattered throughout regions of significant OHC loss. Harding et al. [38] reported that DPOAEs in chinchillas detected accumulated OHC losses that were greater than 10% over a broad region, while damage to OHCs of ≈20% might not be detected in the behavioral threshold measures [30] . Therefore, it may be postulated that limited areas of OHC impairments existed in the cochleae of tinnitus patients included in Groups 1 and 2. Such sub-clinical pathologies, which may potentially be revealed by even slightly reduced DPOAEs (Figures 2, 4) , but not by conventional audiometry (up to 8 kHz), can contribute to tinnitus generation in those ears. Moreover, it could be hypothesized that OHC impairment (indicated by DPOAE reduction) may be present together with other subclinical pathologies, such as loss of normally high-threshold spiral ganglion cells, resulting in tinnitus.
conclusions
The data of this study showed that patients with normal hearing sensitivity in the conventional frequency range (up to 8 kHz), and reporting unilateral tinnitus, present alterations of the auditory system in the affected side, manifested as elevated EHF thresholds. In addition, DPOAE levels in tinnitus ears were lower than those in ears of non-tinnitus subjects, even though the differences in mean DPOAE levels were non-significant for the majority of the data points. Alternative DPOAE protocols (eg, using lower level primaries and smaller frequency steps between successive primary pairs) may potentially enhance the separation between tinnitus and non-tinnitus ears of normally-hearing patients.
Hearing loss in the EHF region may potentially be a predictor of already existing sub-clinically reduced OHC function in more apical regions resulting in tinnitus. For patients with tinnitus, DPOAE measures at conventional frequencies, combined with behavioral EHF hearing thresholds, may provide additional clinical information about the status of the peripheral hearing.
